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OVALIZATIOil OE TUBES UiTDER BENDIiTa AlTD COKPRESSIOIT 
By L. J. Demer and E. S. Zavanaxigh 



SUHL'iARY 



An cmpiric^'l equation has teen developed that gives 
the approximate amount of ovalization for tuhes under 
bending loads. Tests were made on tuhes in the D/ t 
range from 6 to 14, the latter D/t ratio being in the 
normal landing gear range^ Tithin the range of the ser- 
ies of tests conducted, the increase in ovalization due 
to a com-oression load in combination with a bending Ibad 
was very small, the bending load being the principal fac- 
tor in producing the ovalization. The ovalization is a 
rather complex function of the bending moment, D/t 
ratio, cantilever length, and distance between opposite 
bearing faces. 

liTTRODUCTIOU 



This investigation was proposed beca^ise it has been 
•found that the cantilever landing struts on large air- 
planes fail to- telescope properly when they are subjected 
to side loads.' This "freezing" of the strut seriously 
impairs the shock absorption of the landing gear. The 
, failure of the strut to telescope properly has been at- 
tributed to the ovalization of the piston when the side 
load is applied, and the aim of this invest igat i on has 
been to measure this change in diam.eter of the strut and 
to arrive at a satisfactory equation for calculating the 
increase in diameter. As far as the authors have deter- 
mined, no previous investigation has been made of the 
ovalization produced by this type of loading. 

This investigation was conducted in the laboratories 
of the University of ITotre Dame under the supervision of 
Prof. E. il. Fi. Brown. The funds were provided by the 
i^Tational Advisory Committee for Aeronautics and the spec- 
imens and photographs were supplied by the Bendix Products 
Division of South Bend, Indiana. 
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SYI IB OL S 



K cantilever loendi ng' moment ,\ inch--p oun'ds 

D outside diameter of tul^e , inches 

t wall thickness of tube, inches 

XT ovalization, inches 

L cantilever length o.f tiilDe, inches 

J distance hetween opposite "bearing, faces , inches 

DESCEI-PTID'J OF- APPARATUS 

The apparatus and method of loading the test speci- 
men are shovrn in figures 1, 2, and 3. The support, for 
the bearings and loading apparatus, consisted of a heam 
made of t:70 l;S-inch steel channels "bolted together "by 
means of steel plates on top and "bottom.. This "beam, vyas 
supported hy four scre^ jacks moxinted on each corner of 
the beam. A fixed bearing was welded to one end of the 
channels to form one end support for the tube to be tested 
and a movable bearing was mounted on the top of the chan- 
nels to form the second support. The load was applied at 
the end- of the tube opposite th-e fixed bearing, A port- 
able hydraulic jack was used to apply the bending load 
to the tube,- a cradle type yoke being used, between the 
tube and. the base of the jack," as shown in figure"3, A 
Bourdon type pressure gage was inserted in the hy draul i c 
line- of the jack and was' used to determine the" load ap- 
plied; the- gage was calibr'ated, and the load read from a 
curve of load vs,. pressure^ A similar cradle was used 
to apply a c ompression load (fig. 3b) on the tube through 
the use of another hydraulic jack, similarly calibrated. 

Several types of deflection gages were tested before 
the final gage was decided upon. Two typos are shown in 
figure^ 4- and 5; the latter type, fig'i:.re-:5 . is the one 
with which the most success has been -"^t ai jic^d. Figure 4 
shows the paral i .".j.-artr^ type gage which was. us.ed for the 
tests made on -th-- lar^^^-st tube ( diam^^^ or 4.o 6 lO'O and on 
the second tube (diameter 4o 375''). A complete set of 
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re?=»dings was also taken vzitli the second type, the donble- 
indicator g^ge, on the 4.575 inch diameter tuhe. The 
deflections indicated hy the tvro types agreed quite close- 
ly, hut the second type gage T/as more easily, assemhled 
and is "believed to "be more- reliable. The douhle— indicat or 
gage gave direct readings while the para llel— arm type 
gave magnified readings which had to he corrected. The 
double-indicator type gage was supported on the tiihe hy 
four pointed setscrev^s, the screws being 90^ apart and in 
contact with the tube at points where the deflection was 
either zero or sm.all negatively. The indicators used for 
measuring the deflection were of the Jordan type 'and were 
graduated in ten— thousandths of an inch. 

An inside gage consisting of a single Jordan type 
indicator, mounted so that it measured the change in the 
inside diameter at the 90^ azimuth, was used for tubes of 
4.251 inch diameter and less. The plane in .which the ap- 
plied load acts was taken as the 0^ azimuth, making the 
90^ azim-uth the plane of the neutral axis of the tube. 
The readings obtained with this gage were not very reli- 
able, but they did indicate that the maximum ovalization 
occu.rred very near station 0 (plane of the face of the 
m.ovable bearing on the side of the applied load) as long 
as the ovalization did not exceed the bearing clearance. 



DESCRIPTIOi: OF TEST APwTICLES AlTD 
. METHODS OF PEHFORMIi)TG TESTS 



The. test sp ec imen- u sed was made from an SAE X-4130 
tube. The original diameter and wall thickness of the 
tube was 4-5/3 inches outside diameter X 3/4 inch wall. 
The over-all length of the test * specimen was 47 inches. 
Tensile specimens tested in the University laboratories 
indicated the ultimate tensile strength to be 147,500 
Ib/in.,^, and the yield point to be 117,500 lb/in. The 
Brinell hardness number was about 347. The bearings for 
the two supports were made from an SAE 102 0 tube. A 
heavy sleeve was fitted over the end of the test specimen 
in such a manner as to make the distance from the center- 
line of the fixed bearing to the centerline of the applied 
load 55-1/16 inches. For details of the test setup, see 
f igures 1 and 2. 

The range of D/t ratios, 6 to 14, that was tested 
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vras obt^'ined "by rodncing the outside diameter of the test 
specimen after the series of tests had "been conducted at 
one D/t ratio. The inside diameter of the tube vras held 
constant at 3,125 inches. Tests ^ere conducted r/ith out- 
side dian^eters of 4. 610, 4.375, 4. 251, 3. 929, and' 3.550 
incheso In each case, the outside vras ground concentric 
^♦7ith the inside. 

The out side, diamet ers of the tube ^ere held to a 
tolerance of ^0. 001. The hearing clearance was held "be- 
tr;een 0..0020 and 0.0040 inch over the outside diameter of 
the tube. This clearance uas designed to stay within the 
allo-^able bearing clearances specified for actual landing 
gears. 

The first tests :7ere made to determine the points on 
the tube i;7here the increase in diameter of the tube :7as 
the greatest, as it r/as at this point that the tube Trould 
tend to "freeze" in the bea.ring if the ovalization became 
great enough. The axial location of points at which the 
measurements were taken are designated by inch stations, 
using the plane of the face of the movable bearing on the 
side of the applied load as the zero reference station. 
(See fig. .2.). Trie stations between the reference station 
and the applied load are considered positive. Measure- 
m-ents were taken at var i ous st at i ons along the length of 
the tube from the fixed bearing to station plus 10 inches. 
The measurements at each station were taken around the 
circumference of the tube,. using the vertical centerline 
of the tube as the reference point, zero azimuth. Azimuth 
readings were taken at 15^ increm-ents. 

Six bearing positions, A, B, C, D, E, and F, as 
shown in figure 2", were used during the investigation, 
the ratio of tube length to the distance between bearings 
varying between' 15.3 and 2.4. In this case the length of 
tube is considered to be the distance (55-1/16 in« ) be- 
tween the centerline of the fixed bearing and the applied 
load and the distance between bearings to be the distance 
between their centerliries. In all other places in this 
report the distance between bearings is considered to be 
the distance between opposite bearing faces (J). This 
criterion was chosen because the distance between opposite 
bearing faces is a standard designation in strut design 
specifications. The six values of J used in this inves- 
tigation were 7.12, 12.75, 17.36, 21.97, 2S.58 and 31.19 
inches. The bearing position distances for positions B 
through T vary by increitients that .are m.ultiples of the 
original diameter of the tube", 4.510 inches. 
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The g«ges used for measuring ovglization \7ere alined 
on the tube by scaling the distance from the zero refer- 
ence station to the centerline of the leg of the dial 
gage and placing in the correct aziniuth by use of a level 
bubble and a square. The gage Tzas then fastened to the 
tube so that it supported itself. 

Before beginning a test a comparatively heavy load 
of about 4000 pounds was applied to the tube in order to 
check the gage for proper alinement. ' The number and mag- 
nitude of the bending loads applied varied with the bear- 
ing position and tube diameter* A low load was first ap- 
plied and then, increased in predetermined steps until the 
maximum load was reached, the reading of the dials of the 
gage being recorded as each load was applied. At least 
tT70 sets of readings were taken at each station as- a 
check. 

The tests to determine the effect of a compression 
load on ovalization were made with and without bending 
loads, the ovalization gage being alined in the same man- 
ner as for the tests involving bending loads only. The 
con.pression load was applied at the centerline of the 
tube (see fig. 3b ) for one series of tc:;sts with and' with- 
out a bending load and another series of tests with and 
without a bending load were made with the compression 
load being applied eccentrically, 4 inches below the cen- 
terline of the tube. 

The end deflection of the tube was measured for each 
test and was used to check the applied bending load. The 
hydraulic gages used in' applying the bending load were 
checked periodically. 

The gagesused to measure the ovalization were gradu- 
ated to one— ten— thousandth of an inch. Repeated tests 
were made at various stations along the tube and such 
tests indicated that the • accuracy of the measurement was 
within four— ten— thotLsandths , and it was ' not • unusual for 
the repeated points to fall within ohe-t en-thousandth of 
the original test. 

The gages used to measure the oil pressure in the 
hydraulic Jacks were calibrated to read within 30 pounds • 
of the true load. 

The complete data gathered during this investigation 
may be obtained on loan from the Office of Aeronautical 
Intelligence of the Ixational Advisory Committee for Aero- 
nautics, Washington, D. 
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RESULTS A-¥D DISCUSSION. 



i^Mmerous measurements were made to determine the 
arnount of ovalization as the c i rctimf er enc e of the tube 
was traversed and figures 7 through 10 sho\7 some results 
of these tests. Measurements were taken of the ovaliza— 
tion of the tube at 15^ increments from 0^ azimuth to 
.1800 azimuth for the test on- the or iginal • tube only. 
All test results are. not included in this report, as the 
tests were made to fln,d the azimuth at which maximum 
positive ovalization occurred so that later m.easurement s 
could be concentrated on this one. azimuth. This point: 
was found to be the 90^ azimuth point. After t.he first 
tests, measur em.ent s were taken only at 0^ and 9 0^. az.i- 
muths. The 0^ azim.u.th readings were taken only as. ;a 
matter of record, as they were not considered as a. part 
of this particular study. 

One interesting feature brought out in figures 9 
and 10 is. that the axis of. symmetry shifts downward as 
the bearing face, or zero reference st.ation, is approached. 
The curve of the ovalization around ,the circumference of 
the tube closely ?^pproach-es that of a sine, curve. 

Test s were.- conduct ed to determine the point of maxi- 
mum ovalization along the length of the tub©-. The re- 
sults of these tests, as shown in figures 11 and 12, 
clearly indicate that this point was at the zero refer- 
•ence station. 

The longitudinal and circumferential, tests dis- 
cussed above were made with the movable- bearing placed 
at positions B, C., D, and E, although only the data 
from the tests wi-th position C are included herein. 

Figures 13, 14, 15, 15, and 19 ^re typical plots 
for one bearing position (position C) of the bending 
moment at the various stations against, ovalization for 
the range of D/t rati'os that, were tested, while fig- 
ures 17 through 22 are typical plots for one D/t ratio 
( 0. D. = 3. 650 in.) for the bending moment at the various 
stations against . o.V'ali nation for the different bearing 
positions that, were used during the tests. The bending 
moment is taken as the product of the load and the dis- 
tance from the station of measurement to the centerline 
of the applied load, this distance for. station, zero (O) 
and the final equation, is the lever arm, L, as shown in 
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figure !• As the E/ t ratio increases the ovalizat i oii 
vs, "bending moment curves change from straight lines to 
smooth curves and finally into a type of curve that has 
a sharp, knee in it {O.D. = 3.550 in.). .The tearing 
clearance for the tuoes with diameters of 4.610 inches 
and 4.251 inches was approximately 0.004 inch. The tuhe 
with a diameter of 4:. 375 inches had a iDearing clearance 
of approximately O.OlO inch. This clearance exceeds the 
norr::al landing gear tearing clearance.. The 3 . 929 inch 
and 3.*G50 inch diameter tuhes had clearances of 0.003 and 
0.0025 inch", respectively. 

The second series of figures, 23 through 32, are • 
typical plots of ovalization a^-ainst distance from the 
bearing face, or zero reference station. figures 23 , 24 , 
25, 26, and 29 present these data for the range of D/t 
ratios that were tested with one "bearing position (posi- 
tion C). Figures 27 through 32 present these data for' 
tests with all "bearing positions for one D/ t ratio 
(O.D, =5 3.G50 in.). These curves were plotted to ohtain 
the general trend of the ovalization as the hearing face 
v/as approached and to permit the- extrapolation of the 
curves up to the hearing face. The curves were extended 
with the assumption of a pseudo-hearing, one that was 
somewhat elastic and not as rigid as actual, on the basis 
that the ovalization would continue along the same trend 
if the clearance between 'the tube and, the bearing re- 
mained constant. 

Tests were conducted using compression loads in 
combination with bending loads and with compression loads 
only; these compression loads were apjlied eccentrically 
as v:ell as in straight compression. Fo noticeable change 
in ovalization occurred when' the compression loads were 
applied, even though the additional bending moment caused 
by the eccentric compression load would seom to indicate 
that the ovalization should increase^ The maximum com- 
pression load used was 11,500 lbs. with a bending load^of 
6,000 lbs* These tests were made on the two tubes havin'g 
the smallest thickness of v/all. Inasmuch as it is shown 
that compression loads in combination with bending loads 
had little or no effect on the ovalization resulting from 
the bonding load only, further tests with compression 
loads v;ero not undertaken. 

Some tests were also made on the various tubes with 
the bearing sleeve removed. The bearing sleeve referred 
to in this case is the bearing in the movable bearing. 
The ben.ring sleeve was removed and the movable bearing 
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"esse was raised so. that the tute was supported in its 
original position. ^hile the tests were not too closely 
related, the results showed that the slope of the oval- 
ization'vs. "bending moment curve was definitely higher 
without the sleeve in place than wi-th it.. , This higher 
slope can he interpreted to mean that the ovalization of 
the' tuhe for a given load will increase as the clearance 
■between the tuhe and the hearing sleeve i s . incr eased , 
although the rr.agnitude of this increase has not "been 
determined. As this effect was not considered until the 
investigation was more than half completed, sufficient 
data on the actual hearing clearances were not ottained 
and this effect could not he included in the final equa- 
tion. 

The ovalization was a maximum for a given tending 
moment at hearing position A, decreasing as the movahle 
hearing was moved through positions B, C, and E. At 
hearing position D, however, the ovalization approaches 
that of position C, the reason for this heing attrihuted 
to the change in the ratio of the distance hetween the 
opposite hearing faces and the outside diameter. This 
reasoning is hased on the assumption that the portion 
of the tuhe hetween the two hearings reacts as a unit 
with the two hearings (the same effect as if the two 
hearings were rigidly tied together) until the movahle 
hearing is placed heyond position C. As the mc-ahle 
hearing is moved toward position D, the farced hearing 
end of the tuhe reacts as a restrained hean, hr. o at the 
movahle hearing the effect changes from a rail/ restrained 
to a partially restrained condition, ohe muva"./.'. e hearing 
tending to rotate somewhat with the tube hs the load is 
applied, relieving some of the actual load on the tuhe 
at station zero. 

The results indicate that the ovalization of a tuhe 
increases rapidly with the ratio of the distance hetween 
o^tjosite hearing faces and the D/ 1 rat:o. The ovaliza- 
tion is dependent, however, not only on this ratio, hut 
also on the hending moment and on the cantilever length 
of the tuhe. , 

DSVELOPlvlBlTI OF OVALIZATION FORMULA FOR MAXIMUM 
POSITIVE OVALIZATION AT STATION ZERO, 9 0° AZIMUTH 

On log-log curve sheets (figs, 35 through 37) were 
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plotted the data for Ovalization vs. Bending Koment that 
were extrapolated to the zero reference station for the 
tutes with different ratios of D/t. The straight line 
trend of the points so obtained for any one given "bearing 
position and D/ t indicated the following relationship, 
which is merely the equation for the straight line on the 
log— log plot : 

a I'i^- 
•10^ 

o.r 

log w = log a + log K ~ 4, 0 

where 

w maximum positive ovalization at station zero, 
90° azimuth, inches 

M cantilever bending moment, inch—pounds 

"b slope of the line on the log-log plot 

a constant for any one curve 

and , 

4 

10 . conversion from ten-thousandths of an inch to inches 

Equations were then written for the curves of w vs. 
H for each hearing position and each D/t* The results 
indicated that the h terms (or slopes) were substan- 
tially constant for the curves for a fixed D/ 1 , hut 
that the a terms varied both with bearing position and 
D/t. It was necessary to make the a term of the general 
equation a function of both D/ 1 and a 'value which de- 
pended upon the bearing position. The ratio of J to 
D/t- was therefore u^ed, where J is the distance in 
inches between outside bear ing- face s. 

'So direct relationship was found for the variation 
of the particular a terms with the ratio of J 'to D/ 1 , 
but a plot of log (- log a) vs. the ratio J to D/ t , 
as shown in figure 38, indicated a straight line varia- 
tion for each bearing position with the curves for the 
five different bear i ng p os i t i ons intersecting at a common 
point. Equations were deduced for each of these curves 
using the form: 
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log (- log a) = 0, 10 + s 

D/t 

or 

log a = - 10 

where 0.10 is the Y-axis intercept of the five curves 
and s is the variable dependent upon "bearing position, 

direct relationship was found "between s and the 
cantilever length, L, "but a plot of log [ log (10 s)] vs. 
log (log L) resulted in a straight line variation (as 
shown in fig. 59) for which the following equation was 
wr it t en: 

log [log (10 s)] = -3.435 + 14.1920 log (log L) 

or 

log (10 s) = 0.000343 (log L) 

where L is the cantilever length, in inches. 

As stated on page 9, the trend of the b terms (or 
slope of the log-log plot of w vs. M, figs. 33 through 
37) indicated that the slopes were substantially constant 
for a given D/t. Averaging the practically constant 
values of b for the sets of curves with constant D/t, 
values of b were obtained which were plotted against 
D/t in figure 41. The following empirical equation was 
deduced for the curve obtained: 

3. 06 5. 90 log (D/t ) 

It is to be noted here that the agreement of the 
curves drawn using these slopes with the log— log w vs. 
Vi data for some of the curves of D/t of 7.00 and 7.55 
is not as good as for the data with the other D/t 
ratios. The data obtained for these two D/t ratios 
were obtained using the parallel arm gage as opposed to 
the double indicator gages used in obtaining the remain- 
der of the data. In addition, the data for the D/t 
of 7.55 were obtained using a sleeve with a very l^rge 
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clearance, hence the increased slope. It is thought, 
hov^ever, that the curve as shown in figure 41 of h vs. 
D/t gives within reasonable limits the slopes that would 
have been obtained had the data for these D/t ratios 
been taken under the same conditions as for the others.' 

A summary of the empirical equations deduced is as 
follows: 



w ^ 

10^ 



(1) 



log w = log a + b log K 4. 0 . (2) 



(0. lO+s z-i-^' 

V D/t y . ^ V 

log w = - 10 + b log H - 4. 0 ) 



log (10 s) = 0.000343 (log L) (4) 

^ = „i£iJ.2/lLz^il.ll£_ -.0.7 5 (5) 
3. 066 - 5. 90 log (D/t ) *■ " • 

In order t 0 facilitate the det erminaiii'o-n . of s in 
any particular case, values were calculated using formula 
(4) .g.ivi-ng s for a range of • cant i lever Lengths, L, from 
10 to 60 inches. i'igure 40 contains the curve plotted 
from these values and it also shows the experimental 
points from which the equation was deduced. 

For determination of b, equation (s) was solved 
to give values of b for values of D/t from 5 to 2 0. 
The results are plotted in figure 41. . 

The recommended procedure for determining ovalization 
when M, D/t, J, and L are known, is to determine s 
from figure 40, determine b from figure 41, substitute 
these values along with the other knowns in equation (3), 
and solve for w« 
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COSTGLUSIOlfS 



1. Tntes of the type commonly used in landing gear 
struts were sho^jn to ovalize to such an extent under nor- 
mal operating loads that "freezing" of the strut ^7ill 
-result if adequate clearance is not allovjed in the hear- 
ing, or if means are not introduced to stiffen the tuhe 
s-i^f f iciontly to orover^t excossivo ovalizat ion. 

2. The compression load, acting in straight com,pres~ 
sion or eccentrically, in combination with a "bending load 
does not affect the ovalization. The eccentricity of the 
compression load in these tests did not exceed four inches 
and a greater eccentricity m*ay not act in the same manner, 
as when the bending effect overrides the straight compres- 
sion effect. 



University of Notre Dame, 

iTotre-Dame, Ind. , January 10, 1944. 
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Figure 1.- Simplified sketch of the apparatus and method of testing. 
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Figure 2.- Apparatus for bending and compression tests. 
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Jigure 6.- Double-indicator xype gage on tube at station 1.5 
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Figs. 7,8 
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Figfl. 9,10 
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Figure 11 STATION, INCHES 
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